extraction. An advantage of the water and resin method is that the microstructure of the soil is not substantially changed when using these methods. An intensity measurement was not in itself sufficient for analysis of the phosphorus status, since the intensity drops rapidly when soil releases phosphorus.
Introduction
The use of phosphorus as a fertilizer has increased greatly in Finland in recent years. Whereas the average use in 1965 was 21 kg per hectare, in 1975 it had increased to 35 kg per hectare. It has been estimated that our cultivated plants have used up 11 kg phosphorus/ha per year during this ten-year period (Laturi 1977) . The positive balance of phosphorus is shown, for example, by the clearly increased content of phosphorus extracted from our soils by acid ammonium acetate during the 1960's (Kurki 1972) . Apparently there are great differences between farms in their use of fertilizers. On the other hand, it is known that the capacity of Finnish soils to absorb phosphorus varies greatly (Kaila 1963) . For this reason it is clear that in some fields an adequate supply of phosphorus can be ensured with a small amount of fertilizer, while in other fields a lot of phosphorus fertilizer must be added. The increased use of phosphorus fertilizers makes it necessary to determine whether simple chemical methods can give a reliable picture of the phosphorus condition of the soil.
An estimate of the phosphorus conditions of our soil was attempted as early as in the 1930's (Tuorila and Teräsvuori 1933, Salonen 1939) . A rather extensive study of the testing of our soils for phosphorus by chemical methods was made in the 1940's (Kaila 1949) . Later, Salonen (1957) and Brummer (1959) studied the possibility of assessing the need for phosphorus fertilizer by the soil testing method in general use in Finland which employs acid ammonium acetate as extracting solution.
According to Kaila's (1985) study, water soluble fertilizer phosphorus applied to Finnish soils is almost completely bound by oxides of aluminium and iron. Since Finnish soils by nature contain little available phosphorus, the phosphorus reserves available to plants in our fertilized soils are apparently bound to these oxides. In the present study an attempt was made to find a simple method of extracting the phosphorus bound to oxides of Al and Fe in order to get a reliable picture of the soil phosphorus condition.
Materials and methods a. Experimental soils
Thirty mineral soil samples were collected form southern Finland, with the aim of getting a large variation in available phosphorus content. Thus one sample was taken from virgin soil, two from newly cleared land, and five from sugar beet fields which had received liberal amounts of phosphorus fertilizer.
Particle size analyses were performed on the experimental soils using the method of Elonen (1971) , and the following distribution was obtained: Four of the samples were heavy clay, five were silty clay, ten were sandy clay and eleven were fine sand soils. The pH of the soils was measured in 0.01 M CaCl 2 solution, the ratio of soil to solution being 1: 2.5. The organic carbon content was estimated by wet combustion method (Graham 1948 (Olsen et al. 1954) . The ratio of soil to extractant was 1:20 by volume. The shaking time was 20 minutes.
5. NH 4 F-test. An extracting solution of 0.5 M NH 4 F with apH of 8.5 was used. The ratio by volume of soil to solution was 1: 10, and the shaking time was 15 minutes.
6. Water 1: 40. On the day before extraction, 10 ml of soil was moistened with 5 ml of distilled water. The next day, 395 ml of water was added to the shaking bottle, which was then shaken for 1 hour.
7. Water 1: 400. One gram of the soil sample was weighed out and moistened with one ml of water. The next day, 399 ml of water was added to the shaking bottle, which was then shaken for 2 hours.
8. Anion exchange resin method 5; 1. The Cl-form of Dowex 21-K (16 -2O mesh) exchange resin was used. Specially prepared plastic bottles with a volume of 400 ml divided into two parts by a plastic screen were used for shaking (Fig. 1 ). Both ends of the bottle were provided with stoppers. On the day before extraction 10 ml of the soil sample was moistened with 5 ml of water. The next day 2 grams of anion exchange resin and 95 ml of water were added on the other side of the screen. The bottles were mechanically shaken back and forth in a horizontal position for two hours. The the anion exchange resin was separated from the soil and the phosphorus was leached from the resin, as illusrated in Figure 1 . A 0.25 M solution of Na 2 S0 4 was used for leaching, 100 ml of solution being used for each gram of resin. The time required to leach 200 ml of solution was about one hour. The actual extraction is done by the water. The purpose of the anion exchange resin is to keep the phosphorus concentration of the water continuously at a low level. 9. Anion exchange method 1:1. As in the above method, except that only 2 gof soil was used and this was moistened with 1 ml of water. 10. 0.01 M CaCl 2 method. 20 ml of the soil sample was mixed with 50 ml of 0.01 M CaCl 2 -0.01 % NaN 3 solution. The purpose of the sodium azide was to inhibit microbial activity.
The suspension was allowed to stand for 24 hours, being stirred at intervals with a glass rod. 11. Method similar to that above in number 10. However, the suspension was allowed to stand for 2 weeks, since it was observed that equilibrium between soil and liquid is not always reached in 24 hours.
In grinding the soil samples prior to analysis, the attempt was made to avoid producing a fine powder. For methods 1,2, 3,4, 5,6, 8, 10 and 11, in which the quantity of soil was 10 ml or more, the soil was ground so that it barely passed through a sieve with holes 4 mm in diameter. For methods 7 and 9 the soil was ground enough to pass through a sieve with holes 2 mm in diameter. In the case of methods 1, 2. 3,4, 5, 10 and 11, phosphorus was analyzed by the molybdenum blue method of Kaila (1955) . In methods 6,7, 8 and 9 a water analysis method used in Finland was employed (Juoma-ja talousvesien tutkimusmenetelmät 1969).
c. Pot experiments
Experimental plants were oats of the Hannes variety. Oats were chosen as the experimental plant, since the pH of the soil would not significantly affect the amount of yield. Pot experiments were done in a greenhouse. Using an automatic watering system, the surface of the soil in the pots during the growing time was kept at a water content approximating field capacity. The automatic watering system ensured that all plants received an equal amount of water, and 0.5 1 plastic pots sufficed for test pots. Each pot contained 0.4 1 of soil. The number of replications was four in the first growing. Two of these replications were saved for the second, third and fourth growings. During each growing the oats developed a thick root system in the experimental soil. Since roots were not removed, their presence apparently caused brisk microbial activity in the soil after harvesting. Because of the dense root system, most of the experimental soil probably came under the influence of the rhizosphere during the growings.
The oats shoots were harvested before ear emergence, and then dried and ground for plant analysis. Phosphorus determination of the shoots was made by dry ashing. Four consecutive growths took about one year. Fertilizer was applied during this time: N 410, K 560, S 110 and Mg 90 mg/pot. In addition, a commercial trace element mixture was added to each pot at the time of growing.
Yields, uptake of phosphorus and test values
The yields, phosphorus contents and uptake of phosphorus by plants based on 4 cuttings are shown in Table 1 . The third growing was in the autumn when natural light was weak, consequently the shoot yield from the third cutting was small compared to the others. The average uptake of phosphorus per liter of soil was 55 mg in the yield from the first cutting, 22 mg from the second cutting, 12 mg from the third cutting and 16 mg from the fourth cutting. Altogether, the shoots took up 105 mg P per liter of soil. of the pot experiment, the amount of phosphorus taken up corresponded to several years of phosphorus uptake in field conditions.
The average test values for the soil samples are presented in Table 3 . Because of the great variation in phosphorus status of the experimental soils, those 15 soils which took up the least amount of phosphorus in the first growing, were separated. The mean yields, phosphorus contents, and phosphorus uptake of shoots gorwn in the weakest soils are shown in Table 2 . The test values of these soils appear in Table 4 . Tables 5 and 6 show the dependence of phosphorus uptake on test values.
Dependence is expressed in coefficients of determination. Phosphorus uptake from the second cutting is not included, because the correlation for phosphorus uptake between the first and second growings is very high (0.911). The third growing is also omitted, since it was carried out in unusual lighting conditions. Due to the great variation in phosphorus conditions, phosphorus uptake in the material of all samples was highly correlated with the different tests (Table 5) . In experiments performed on soils containing little available phosphorus (Table 6 ) the relation between test values and phosphorus uptake was noticeably weaker. The best test for phosphorus status proved to be the anion exchange resin method 5: 1. This result is a natural one, since in this method we, in effect, imitate the action of the root system by trying to take phosphorus from the soil, scarcely changing the microstructure of the soil. The method probably extracts labile phosphorus from the surface of pores of polymerous aluminium and iron oxides. Polymeric oxides apparently do not break up during extraction. For this reason, the phosphorus which is blocked inside the oxide is excluded from the analysis, since it diffuses extremely slowly to the surface of the oxide pores. The results given in Figure 2 confirm investigations made elsewhere suggesting that the anion exchange resin method is well suited for the analysis of available phosphorus (Cooke and Hislop 1963, Cooke 1966) . The water extraction also releases labile phosphorus from the surface of oxides. Indeed, the water 1: 40 method did correlate highly with the uptake of phosphorus. However, the correlation was low when using 1 g of soil and a 1; 400 ratio of soil to water. Partly this is due to filtration difficulties with the 1: 400 extraction ratio. However, also when using the anion exchange resin method with 2 g of soil (1:1 method), the results showed lower correlation with phosphorus uptake than when 10 ml of soil was used. The reason for the poor results cannot be an excessively powerful extraction of phosphorus with the water 1: 400 method, since the use of the ratio 1: 400 released the same (Tables 3 and 4 ). The grinding of the soil may have partly affected the test results. When 1 g of soil was used for analysis the soil was ground finer than when 10 ml of soil was used (see methods).
The results of water extraction 1: 40 are in agreement with results obtained elsewhere. Van Der Paauw (1971) demostrated in experiments with wheat and potatoes that water extraction gives a reliable indication of the soil phosphorus status. Köster (1974) observed in experiments with potatoes that water extraction is more reliable than many other methods in measuring the available phosphorus of soil. The acid ammonium acetate method and the anion exchange resin method were almost equally effective in extraction. However, the correlation between the phosphorus uptake and the test in the first growing and in all 4 growings combined is noticeably lower with acid ammonium acetate than with the anion exchange resin method in the group of weak phosphorus status (Table 6 ). Apparently, acid ammonium acetate breaks up the structure of aluminium oxide polymers more effectively than resin. Indeed, acid ammonium acetate is used for the extraction of aluminium hydroxides from soil (McLean et al. 1964) . When aluminium oxide polymers break up, the ammonium acetate probably also extracts some phosphorus which is not labile. This was apparently the case when the soil pH was high (>6.0).
The analysis results reveal that acid ammonium acetate extracted phosphorus effectively when the soil pH was close to neutral (compare Kurki 1972, p. 59) . The actual uptake of phosphorus by oats did not improve as much with an increase in pH as the acetate test results would lead one to expect. It was possible to prove this by a regression analysis using as independent variables, in addition to the test value, soil pH and test value x pH. The dependent variable was the uptake of phosphorus in the first growing. The following regression equation was obtained:
AU 30 experimental soUs: Uptake = I.l9*** x test + 2.07 x pH 0.145*** x (test x pH) 1.83 R 2 = 0.875
The variable, test x pH had a statistically significant negative effect on the uptake of phosphorus. This shows that when the soil pH was high, the test gave too positive a picture of the soil phosphorus status.
Apparently, NaHC0 3 and extraction solutions containing fluorides break up the structure of oxides of A 1 and Fe more effectively than does an acid ammonium acetate solution. When polymeric oxides break up, phosphorus which is not available to plants probably enters into the analysis. These methods are not as good as the water method and resin method for explaining the uptake of phosphorus in the first growing and the combined uptake of all four growings, especially with soils containing little available phosphorus. For these, the best of the tests proved to be the one minute extraction using Bray 1 solution. In the soil group containing little available phosphorus, this method explained 52 % of the uptake of phosphorus in the first growing and 59 % of the combined uptake of all four growings. Perhaps the one minute extraction with Bray solution changed the soil microstructure less than when longer extraction times and strong extraction solutions were used.
The weak correlation of the ammonium fluoride method with the phosphorus uptake can be explained by the fact that fluoride extracts too little iron oxide bound phosphate. The Olsen test did not prove especially reliable for predicting the phosphorus uptake of oats. With 15 soils containing little available phosphorus, the method explained only 25 % of the phosphorus uptake in the first growing, and only 31 % of the combined uptake of all 4 growings.
Intensity measurements gave a weak prediction of the phosphorus uptake in the group of 15 soils. This result is not surprising, since already in the first growing the shoots took up, on the average, 31 mg phosphorus/liter from these soils. Intensity measurements pictured conditions in the soil only before planting. During the time of phosphate desorption the intensity falls rapidly (Vaidyanathan and Nye 1970) . Although the phosphorus uptake per liter of soil is much smaller in field conditions than in pot experiments, the applicability of intensity measurement to field conditions is questionable. The root system does not take phosphorus uniformly from all of the top soil, but takes it especially from soil near the root surface (Bhat and Nye 1973) . Better results could probably be obtained by constructing a curve to show the relationship between phosphorus intensity and labile phosphorus. This method, however, would involve much laboratory work. The usefulness of such a curve is reduced by the fact that the shape of the desorption curve is ambiguous, differing from the curve for phosphate adsorption. The shape of the curve depends greatly, among other things, on how much phosphate has been applied to the soil before desorption (Vaidyanathan and Nye 1970) .
Test methods and capacity factor of phosphorus conditions
The phosphorus uptake from soils containing little available phosphorus was predicted, in regard to the 4th cutting, more successfully by the Bray, the acid ammonium acetate and the Olsen tests than by the water extraction or the anion exchange resin method. This may be because the plants have already used the most labile part of the soil phosphorus before the fourth planting. In the fourth growing, the plants have been dependent on the less labile phosphate reserves, which were probably not extractable by water or by anion exchange resin.
However, the water method and the anion exchange resin method also measure the capacity factor of the soil phosphorus status. We have alredy seen that the uptake of phosphorus in the first growing, in which oats already took up a great deal of phosphorus from the soil and in all 4 grovings, was highly correlated with the phosphorus extracted by the water method and by the resin method.
According to studies made by Cooke (1966) , the amount of phosphorus extracted from the soil by resin depends on extraction time in the following manner: Q = a |/t 4-b where Q is the amount of phosphorus desorbed from the soil, t is the extraction time, and a and b are both constants. Unpublished experiments made by the present author showed, with regard to Finnish soils, that the value of constant b is small, being at most only a few mg P/kg of soil. Constant a indicates not only how easily phosphate desorbs from the soil, but also how much phosphorus can be released from the soil when extraction time with resin is long. Even with only one extraction we can get an approximate idea of the value of a and at the same time an idea of the capacity factor of the phosphorus status.
The water method also gives an idea of the capacity factor. The reason is probably that soils which contain great amounts of very labile, water soluble phosphorus also usually contain a lot of less labile but available phosphorus reserves. This is shown by the correlation coefficients between the water method 1: 40 and the anion exchange resin methods 5: 1 and 1:1, which were 0.959 and 0.831 respectively. In another study made by the author, which involved 80 mineral soil samples, the correlation coefficient between the water method (1: 40) and the resin method (5: 1) was 0.900.
Conclusions
On the basis of experimental results, the best methods for measuring the soil phosphorus status are the water method 1: 40 and the anion exchange resin methods. Naturally we cannot, merely by measuring the phosphorus status predict, in practice, the effect of applied phosphorus fertilizer. The increase in yield attained with phosphate depends not only on the phosphorus status but also, among other things, on how much the phosphorus status changes due to fertilization. Also, numerous other factors such as, for example, the growth of the root system and weather conditions have an effect on the uptake of soil phosphorus. Parhaiten ennusti fosforin ottoa anioninvaihtajamenetelmä, jossa 10 ml maata uutettiin 2 g:lla anioninvaihtajaa kahden tunnin ajan. Menetelmä selitti koko aineistossa 91 % ensimmäisen sadon fosforin oton vaihtelusta ja 95 % neljän sadon sisältämän fosforin vaihtelusta. Heikkokuntoisten maiden ryhmässä vastaavat selitysasteet olivat 74 ja 79 %. Hyviin tuloksiin päästiin myös yksinkertaisella tunnin vesiuutolla, jossa maan määrä oli 10 ml ja veden tilavuus 400 ml. Tämä menetelmä selitti koko aineistossa 87 % ensimmäisen kasvatuksen fosforin otosta ja 86 % neljän peräkkäisen sadon fosforin otosta. Vähän käyttökelpoista fosforia sisältävien maiden ryhmässä selitysasteet olivat 70 ja 69 %.
Vesi-ja anioninvaihtajamenetelmien etuna katsottiin olevan, että niitä käytettäessä maan mikrorakenne muuttuu vain vähän. Sen sijaan varsinaiset uuttoliuokset hajoittavat huokoisia AI-ja Fe-oksidipolymeereja, jolloin analyysiin saadaan mukaan fosforia, joka ei ole kasveille käyttökelpoista. Tutkimuksessa kiinnitettiin myös huomiota siihen, että sekä anioninvaihtajaettä vesimenetelmä eivät mittaa ainoastaan, kuinka helposti maasta desorboituu fosforia, vaan antavat myös käsityksen fosforitilanteen kapasiteettitekijästä. Pelkkä intensiteetin mittaus 0.01 M CaCl 2 -liuoksella ei riitä fosforitilanteen analysoimiseen, koska intensiteetti alenee nopeasti, kun maasta desorboituu fosfaattia.
